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Detached Eddy Simulation (DES) of flap side-edge flow is performed with a NACA
632—215 wing and 30% chord, half-span flap configuration at a wing chord based Reynolds
number of 3.7 million. This configuration has been used in previous experimental studies'’?
and Reynolds Averaged Navier-Stokes (RANS) simulations®* to understand the aerody-
namic characteristics of the mean flap side-edge flow field. Aeroacoustic measurements® ¢
have also been obtained for this configuration at a wing-chord Reynolds number of 1.7
million. In the present study, a RANS simulation is first performed as a precursor to the
DES and the results are shown to closely match the experiments and the previous RANS
study.® The key unsteady features of the statistically stationary flap side-edge flowfield
from the DES are presented. An instability of the rolled-up vortex near the leading edge
of the flap side is identified to lead to the breakdown to turbulence of the side-edge flow
field and is a potential key contributor to far-field noise.

Nomenclature

e Reynolds number based on main wing chord
Streamwise direction
Vertical direction
Spanwise direction
Velocity vector
Vorticity vector
« Freestream velocity
Main wing chord
Flap chord
Location along flap chord
Surface pressure coeflicient
Unit side-edge tangent vector
Unit outward surface normal vector
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Unit vector along positive spanwise direction
Temporal Fourier coefficient of pressure field
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I. Introduction

Increasingly stringent noise regulations at airports have driven research efforts to identify the various
sources of aircraft noise and develop suitable noise reduction strategies. With the reduction in engine noise
due to the adoption of high-bypass ratio engines, airframe noise now forms a significant part of overall
aircraft noise” and is nearly equal to the engine noise in the approach configuration. Reducing airframe
noise is therefore essential for further reductions in aircraft noise. Flap side-edge noise has been identified
as a dominant source of airframe noise®® due to the presence of an unsteady vortical flow field that acts as
a noise source in the vicinity of the flap side-edge, which can efficiently scatter the noise to the far field.

*NASA Postdoctoral Program Fellow, Computational Aerosciences branch, Mail Stop 258-5.
fResearch Scientist, Computational Aerosciences branch
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A good understanding of the unsteady flap side-edge flow field is required in order to develop accurate
noise prediction methods and appropriate noise mitigation strategies. Experiments and RANS simulations' 3
revealed the following features of the mean flow field (see figure 5) : Flow separates at the side-edges of the
pressure and suction sides of the flap side-edge and the shear layers roll up to form a primary and secondary
vortex respectively. The vortices grow in size along the streamwise direction until the primary vortex crosses
over to the suction side and undergoes a merger with the secondary vortex. The merged vortex is located
above the suction side and is fed continually by the curved shear layers shed at the side edges of the flap.
Under certain conditions, this merged vortex undergoes a vortex breakdown above the trailing edge of the
flap due to the presence of an adverse pressure gradient. Aeroacoustic measurements® % were also performed
for this wing and half-span flap configuration which showed that the centroid of the noise source map at
high frequencies was located closer to the leading edge. With decreasing frequency, the centroid moved
downstream.

Various analytical models of flap side-edge noise have been proposed. The earliest models proposed
by Hardin'® and Meecham!! considered two-dimensional flow with a point streamwise vortex representing
boundary-layer turbulence being accelerated around an edge by the spanwise flow. Howe!? considered the
effect of the presence of the main wing adjacent to the side-edge of a deflected flap. Sen'® modeled the
production of noise due to the oscillation of vortex position about a point of stable equilibrium. His vortex
corresponds to the merged vortex described in the experimental and numerical studies of flap side-edge flow.
The source of the oscillations in Sen’s model is a large-scale flow structure in the edge-vorticity distribution
near the pressure side edge.

Khorrami and Singer'# identified large-scale fluctuations of the curved free shear layer emanating from
the pressure side-edge and of the postmerged vortex located above the suction side-edge, downstream of
the midchord region as the potential principal noise sources in addition to the turbulent boundary layer
convecting past the side-edges, the vortex merger and the vortex breakdown as the other sources. They used
the time-averaged flow field obtained from previous experiments? and computations® to perform a linear
temporal stability analysis of the merged vortex and the curved shear layer. For a flap deflection of 29°, the
postmerged vortex attains an axisymmetric state with a jet-like axial velocity distribution. For this case,
they fitted the profile of the similiarity solution obtained by Batchelor!® to the merged vortex and the profile
from Michalke and Timme'® to the curved shear layer. The frequency range of the unstable modes was
found to be within the range of the unsteady surface pressure spectra in the aeroacoustic measurements.’

Imamura et al.'” performed DES and LES of flow around a NACA0012 wingtip and showed that the
aerodynamics at the wingtip was similar to that at a flap side-edge. They found that the core of the primary
vortex (using the terminology in this paper, see figure 5) was unsteady and that the secondary vortex core
was relatively more steady before the vortex merger occurred.The unsteady surface pressure distribution on
the wing surface showed that the presence of a broadband noise source along the side face of the wing and
a low frequency source over the suction surface. These results were consistent with the key noise sources
— the instability of the shear layer and that of the merged vortex, that had been identified in previous
work.1* 8 Langtry et al.'® performed a DES of the flap side-edge flow using a sub-domain approach. The
steady RANS solution for flow over the entire wing geometry was used to provide the boundary conditions
for a DES performed within a smaller domain enclosing the flap side-edge. They captured the break up to
turbulence of the side-edge vortices.

The present DES aims to provide a more complete picture of the unsteady flap side-edge flow field that
would help determine the noise sources. The underlying instabilities giving rise to the unsteadiness are
suggested.

II. Configuration

The configuration used in this study consists of a main wing having a NACA 632,215 Mod B section and
a 30% chord, half-span slotted flap (Figure 1). The flapped half-span of the wing includes a trailing edge
cove. In figure 1, the spanwise ends of the geoemetry are attached to side-walls. The region of interest is
the flap side located at the midspan (z = 0) plane. A model with this configuration and a main wing chord
(with flap stowed) of 2.5 feet and a span of 5 feet was used in the experimental study carried out in the
7 by 10 ft. wind tunnel at the NASA Ames Research Center.! The experiment was performed at a wing
chord based Reynolds number of 3.7 million and a free stream Mach number of 0.22. The angle-of-attack of
the main wing was 10 deg. and two flap deflections of 29 deg. and 39 deg. were tested. These values were
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chosen to represent an aircraft landing configuration. In the present study the 39 deg. flap deflection setting
from this experiment was chosen to be simulated.

Figure 1. Simulated wing and half-span flap configuration with a flap deflection of 39 deg.

A companion experiment using a smaller size model was performed at the NASA Langley Quiet Flow
Facility.? Since this experiment was performed in an open-jet facility, while the same flap deflections were
used as in the Ames experiment, the angle-of-attack of the main wing and the gap and overlap between the
wing and flap were varied in order to produce a similar surface pressure distribution. Flow speeds of up to
Mach number of 0.17 were tested resulting in wing-chord based Reynolds number up to 1.7 million.

Khorrami et al® performed a thin-layer compressible RANS simulation of the Ames experiment using
the Spalart-Allmaras turbulence model. They obtained a surface pressure distribution which matched both
the experiments closely and captured the key features of the flap side-edge flow field including the vortex
breakdown at the higher flap deflection setting.

Aeroacoustic measurements were performed at the Langley Quiet Flow Facility® ¢ using the same config-
uration and flow conditions as in Ref. 2. Unsteady surface pressure measurements were obtained at various
locations on the flap side and on the pressure and suction sides near the edges.

II1. Flow solver and turbulence model

The unstructured finite-volume based, incompressible Navier-Stokes solver CDP v2.3, developed at Stan-
ford University’s Center for Integrated Turbulence Simulations (CITS), was used for the numerical simula-
tions. The code employs a collocated formulation which conserves kinetic energy in the inviscid limit. The
spatial discretization is second-order accurate and the time advancement is performed using a second-order
implicit fractional step method. The details of the numerical scheme are provided in Ham and Iaccarino?®
and Mahesh et al.?!

RANS simulations were performed using the Spalart-Allmaras turbulence model. Second-order central
differencing was used for the viscous terms in the momentum and scalar (turbulent viscosity) equations and a
first-order upwinding scheme was used for the convection term in the scalar equation. First-order upwinding
treatment was used for the convection terms in the momentum equation.

The DES simulation was performed using the Spalart-Allmaras based delayed-DES (DDES) model.??
The largest cell dimension was chosen as the LES filter width. The calibrated value of Cpgg for homo-
geneous turbulence?® of 0.65 was used. In the DES, a weighted combination of central differencing and
upwind differencing with 10% upwinding was used for the convective terms of the momentum equation. The
treatment of the other terms was the same as in the RANS.
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IV. Computational grid and domain

The dimensions of the computational domain and the location of the geometry within the domain were
the same as in the previous RANS study of Khorrami et al.? which simulated the NASA Ames experiment
including the wind tunnel walls. Uniform inflow and extrapolation outflow conditions were applied 15 main
wing chord lengths upstream and downstream of the wing leading edge, respectively. The height and width
of the test section were 4 and 2.25 chord lengths respectively. The wind tunnel walls were treated as free-slip
boundaries and the wing and flap surfaces as no-slip boundaries. The wing span of 2.25¢ differs from the
value of 2.0c in the experiment. Khorrami et al. chose this value for historical reasons. However it is seen
in both the experiment and their RANS study that the spanwise variation in the flow ceases well away from
the side walls. Hence this difference is not expected to affect the comparison with the experiment as long as
the flow quantities located at the same distance from the mid-span are considered.

The grid was first generated on a cross-section (with its normal along the spanwise direction) of the
domain at a spanwise location where the flap is present and on the side-face of the flap (see figure 2). The
grid on these cross-sections were largely composed of quadrilateral elements with some triangular elements
used in near the leading and trailing ends of the flap side-face and the cove side-face. The grid on the regions
excluding the flap side-face and the cove side-face were extruded along the entire wing span. The grid on the
flap and cove side-faces were extruded from z = 0 to z = —1.125¢ and from z = 0 to z = 1.125¢ respectively.
The resulting three-dimensional grid has hexahedral and triangular prism elements.

For both the precursor RANS and the DES, a grid with 98.2 million cells was used. The typical wall
normal spacing around the flap leading-edge is 5 x 10~5¢. This resulted in a y* value for the first cell off the
wall of approximately 1. Figure 3 highlights the resolution in the flap side-edge region using a cross-section
of the grid normal to the streamwise direction at a streamwise location containing the flap. The resolution in
this region was chosen to be fine enough to capture the small-scale structures generated during the unsteady
simulation.

V. Results

V.A. Precursor RANS

Convergence of the RANS solution to a steady state was tracked using the lift, drag, and pitching moment
values for the combined wing-flap model. A converged RANS solution was obtained after ~ 7.50 main chord
flow-through times. The surface pressure coefficient (C)) distribution at different spanwise locations (z = 0
is the midspan location) from the converged solution are presented in figure 4 along with the distributions
from the experiment and the previous RANS study. The spanwise locations from the previous RANS are as
reported in Khorrami et al.? Since the present computation is incompressible while the free-stream Mach
number is M, = 0.2, the Karman-Tsien compressibility correction has been applied to the C, values from
the present RANS. The C), distribution is seen to match the experiment and the previous RANS closely
with only minor differences. The kink in the —C,, distribution on the lower surface of the main wing near
x/c = 0.7 (on the half-span side with the cove) corresponds to the leading edge of the cove. On the main
wing, the C), distribution from the present RANS follows the distribution from the experiment more closely
than the previous RANS, especially in the region aft of the cove leading edge. On the flap however, both
RANS simulations match each other closely but overpredict the value of —C), as compared to the experiment.

The key features of the time-averaged flap side-edge flow field — the roll-up of the primary and secondary
vortices, their growth along the flap chord, the cross-over of the primary vortex to the suction side and the
vortex merger are captured (Figure 5). A comparison of contours of streamwise vorticity at three locations
along the flap chord between the experiment and both the RANS studies is provided in Figure 6. At the
first two stations, the vortex structures from the RANS results are in agreement with each other but are
more diffused in comparison with the experiment.

V.B. DES

The converged RANS solution was used as the initial condition for the DES. The statistical stationarity
of the DES solution was verified by tracking the instantaneous pressure and velocity magnitude at probes
located around the flap side-edge. The probes were located along the path of the primary vortex and at the
location where the vortex merger occurs.
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Figure 3. A cross-section of the grid with its normal along the streamwise (z) direction highlighting the resolution in
the flap side-edge region.
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Figure 4. Comparison of the surface pressure coefficient distributions at different spanwise locations. Positive values
of z/c correspond to the half-span which includes the flap. The z-axis values are the locations along the main wing and
flap chords. The flap leading edge is arbitrarily chosen to be at z/c = 1.0. The —C}, distribution on the main wing at
z/c = 0.440 is not available from Khorrami et al.?
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Figure 5. Normalized streamwise vorticity (w,c/Us) at different chordwise locations along the flap from the steady
RANS solution.

A temporal mean of the flowfield was computed from samples obtained with time spacing of At =
0.0015¢/Us from a time period of 0.186¢/Us.. Contours of streamwise vorticity in planes normal to the flap
chord from the DES mean flowfield are compared with the experiment and the RANS studies in Figure 6. At
the first chordwise station, it is observed that compared to the experiment, both RANS calculations predict
a larger primary vortex. The DES mean gives a good prediction of the size of the primary vortex and also
captures the feeding sheet for this vortex with a ‘hill-like’ feature of negative streamwise vorticity (blue)
beneath it. The vortex structures seen at the top of the DES mean plot are from a vortex sheet shed by the
main wing. At the second chordwise location, the dual vortex structure above the suction surface of the flap
is captured in the RANS as well as in the DES mean. At this station also the feeding sheet is less diffuse
compared to the RANS solutions. At the third chordwise location, the height of the merged vortex above
the flap surface is slightly higher than in the experiment.

Figure 7 presents an isosurface of instantaneous vorticity magnitude colored by the helicity field. The
rolled-up primary vortex is seen to be turbulent along the entire flap side face. The contours of helicity
indicate that the vortices have significant axial flow. The lower level vorticity magnitude isosurface in
figure 8 shows that the secondary vortex is relatively more steady. This behaviour is similar to that observed
by Imamura et al.'” for wingtip flow. The instability of the vortex sheet shed from the trailing edge of
the main wing is also highlighted in this figure. The vortex sheets shed from the trailing edge of the main
wing (vorticity along spanwise direction) and from the side edge of the main wing at the mid-span location
(vorticity along streamwise direction) both roll up to form vortices. The contour map of the spanwise vorticity
on the midspan plane (Figure 9) shows the unsteady merged vortex located above the flap. Instantaneous
streamlines coloured by the streamwise velocity are presented in figure 10. The region of negative streamwise
velocity within the core of the merged vortex corresponds to the recirculation region created by the vortex
breakdown.
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Figure 7. Isosurface of instantaneous vorticity magnitude, |w| = 1000 U /c colored by the normalized helicity H =
(u.w)c/UZ from the DES.

V.B.1. Leading edge instability of primary vortex

An alternate DES simulation was performed using twice the LES filter width as defined in section III. By
filtering out the small scale structures the basic structure of the instability leading to the breakdown to
turbulence was highlighted. Isosurfaces of vorticity (Figure 11a) from this large-filter DES shows the helical
structure of the instability of the rolled-up vortex near the leading edge of the flap. The contour map of
vorticity magnitude on a slice through the vortex (Figure 11b) suggests that the helical instability has a
shape associated with an m = 2 azimuthal mode.

A description of the kinematics of the flap side-edge flowfield is now provided in order to understand
the location of the instability. Consider the unit vector ¢ which is tangent to the flap side-edge contour and
directed such that { x 2 = k where 7 is the unit outward normal to the side-edge contour and k is the unit
vector along the z-direction (see figure 12). At each location on the flap side-edge, flow separation occurs in
two different ways: (Type 1) The boundary layer on either the suction side or the pressure side of the flap
rolls up to form a vortex with the vorticity directed predominantly along the local —¢ direction (Type 2) The
boundary layer on the side-face of the flap rolls up to a vortex with the vorticity directed predominantly along
the local ¢ direction. Figure 12 illustrates this description using an isosurface of vorticity magnitude colored
by the component of vorticity along the local side-edge tangent vector from the steady RANS solution. It
can be seen that the flow separation from the side-edge switches from type (1) to type (2) at a location
near the leading edge on the suction side of the flap. The primary and secondary vortices described in the
literature are those formed respectively due to flow separation of type (1) and (2). Although the primary
vortex is predominantly located on the pressure side of the flap, it begins from this switching location on
the suction side.

It can be seen now that the instability in figure 7 occurs in the primary vortex near the leading edge
location at which the primary vortex begins. The helical structure of the instability suggests the possibility
that it is an instance of the well-known family of instabilities occurring in columnar vortices with axial flow.
The stability of vortices with axial flow has been studied extensively for decades. In particular the stability
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Figure 8. Isosurface of instantaneous vorticity magnitude, |w| = 500 U /c from the DES.

Figure 9. Contour map of instantaneous spanwise vorticity w.U. /c on the midspan plane from the DES.
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Figure 10. Instantaneous velocity streamlines coloured by the streamwise velocity component normalized by U, from
the DES highlighting the vortex breakdown occurring above the flap trailing edge.

(a) Isosurface of vorticity magnitude |w| = 1000 Us /c (b) Contour map of vorticity magnitude |w|c/Us on a
slice through the primary vortex

Figure 11. Helical structure of instability leading to breakdown from the large filter DES.
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characteristics of the Batchelor ¢g-vortex, initially proposed as a model for an aircraft trailing vortex,'® have
been extensively mapped out for a wide range of swirl levels (specified by ¢), background flow and Reynolds
numbers. Lessen et al.2* discovered a set of inviscid instability modes occurring in vortices with non-zero
swirl less than a critical value of ¢ =~ 1.5. The unstable modes had a non-axisymmetric, helical structure with
azimuthal wavenumbers m < 1 for a vortex with a jet-like axial velocity profile. The maximum growth rate
at each negative azimuthal wavenumber increased with |m|. The peak value of the growth rates occurred at
g ~ 0.87. Viscosity was found to have a stabilising effect on the inviscid modes.2%26 As a result the unstable
modes at each Reynolds number are confined to a finite range of azimuthal wavenumbers. Heaton?” showed
that inviscid instability modes also existed in the range 1.5 < ¢ < 2.31 but with far lower maximum growth
rates. Apart from the inviscid modes, purely viscous instability modes were also discovered?%:2® with growth
rates orders of magnitude smaller than the inviscid modes.

C
il

2 g G

Secondary vortex

3)

- Y6

Figure 12. Left: Isosurface of vorticity magnitude from steady RANS solution colored by the sign of the vorticity
component along the local side-edge tangent, positive by red and negative by blue. Right: Schematic of flow separation
and roll-up at different locations along the side-edge. The sections are normal to the side-edge tangent vector ¢.

The jet-like or wake-like character of the axial velocity profile of the columnar vortex affects the temporal
stability in the following manner. If a vortex with a swirl strength of ¢ and a jet-like axial velocity profile has
an unstable mode with an azimuthal wavenumber m, then a vortex with the same strength and a wake-like
axial velocity profile has an unstable mode with the same axial wavenumber and a azimuthal wavenumber
of —m with the same growth rate.

In the present flow, in the region where the primary vortex begins (section 2 in figure 12) the vortex axis
is directed along the local —¢ direction. The axial velocity component along this direction is negative on the
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centerline and decreases with distance from the vortex axis. Therefore it has a jet-like axial velocity profile.
For a columnar vortex with a jet-like axial velocity profile, the azimuthal wavenumbers of the unstable
inviscid modes are negative (apart from m = 1) which implies that the winding of the helical waves is along
the same direction as the rotation of the vortex. As seen in figure 11 the sense of winding of the helical
instability in this region is consistent with this behaviour and also along the vortex axis direction. The
vortex profile is not axisymmetric and is confined by the presence of the wall. However it is useful to find the
approximate value of ¢ for an equivalent Batchelor vortex. Using the DES mean flow, the core profiles of the
primary vortex in this region were examined. Based on average values around the azimuth, a typical value of
q ~ 1.0 was obtained which is within the swirl level range required for inviscid instability. This suggests that
the inviscid instability occurring in columnar vortices with axial flow is a likely candidate for the leading
edge instability in the present case. A detailed stability analysis of the base flow using an appropriate model
for the side-edge vorticity field is required to ascertain the nature of the instability.

V.B.2. Unsteady surface pressure field

The leading edge instability is a potential key noise source due to its location near the side-edge which can
efficiently scatter the noise to the far-field. The samples of the instantaneous DES flowfield were analysed to
obtain the temporal Fourier components of the unsteady surface pressure on the flap surface. The sampling
rate of 0.0015 ¢/Uy corresponds to a Nyquist frequency of & 333.33 Uy, /c. Contour maps on the side face of
the flap and the upper suction surface of the Fourier modes at frequencies of 32 Uy, /¢, 52 Uso /¢,82 Uy /¢ and
132 Uy /c are presented in figures 13 and 14 respectively. In the NASA Langley aeroacoustic experiment,
these correspond approximately to frequencies of 4.8 kHz, 7.8 kHz, 12.3 kHz and 19.8 kHz.

The pressure fluctuations on the flap side are present along the reattachment region of the primary
vortex and correspond to the helical instability of the primary vortex. The high frequency Fourier modes
are confined to the region close to the leading edge. Whereas the lower frequency modes are spread over the
entire path of the primary vortex. On the suction surface, the fluctuations are largely constituted by the low
frequency modes and the downstream extent of the modes increases with decreasing frequency. The peak on
the side-edge corresponds to the location at which the primary vortex crosses the side-edge. The fluctuations
on the suction surface correspond to the interaction of the vortex with the surface after it crosses over. These
results are consistent with the acoustic measurements from both NASA Ames and NASA Langley which
showed that the centroid of the noise source distribution moved downstream with decreasing frequency. It
should be noted that the relevant quantity on the airfoil surfaces required for obtaining the noise field is the
acoustic pressure of which the pressure field from the present DES comprises only the hydrodynamic part.

VI. Summary and future work

The Spalart-Allmaras based RANS obtained the key features of the mean flowfield and matched the
previous experimental and RANS studies closely. The mean flowfield from the detached eddy simulation
was shown to provide a more accurate picture of the time-averaged flap side-edge flowfield. The DES also
captured the unsteady features of the flow including the turbulent side-edge vorticity field, the unsteady
merged vortex and the vortex breakdown above the flap trailing edge. An instability of the primary vortex
near the leading edge was found to lead to the breakdown to turbulence. The invisicid instability mode
occurring in vortices with axial flow was identified as a likely candidate for the instability of the primary
vortex.

In future work the unsteady, incompressible flowfield solution from the present DES, in particular the
information about the aeroacoustic noise sources, will be used to compute the acoustic pressure in the
farfield using an acoustics module?® which solves the Lighthill equation using a boundary element method.
The relative contributions of the different unsteady features of the flap side-edge flowfield will be ascertained.
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Figure 13. Contour map of the normalized values of the Fourier modes of unsteady pressure field, P(f)/Ufo, at different

frequencies on the flap side face.
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(a) f=32Usx/c (b) f =52 Us/c

(c) f=82Ux/c (d) f=132Ux/c

Figure 14. Contour map of the normalized values of the Fourier modes of unsteady pressure field, P(f)/Ugo, at different
frequencies on the upper suction surface of the flap. The view is from a downstream location along the —z direction.
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